Cell-permeable peptides (CPPs) mediate the delivery of macromolecules into cells. However, whether CPPs are usable in mammalian oocytes and embryos for the modulation of protein expression has not been widely investigated. We have previously designed a novel 12-mer CPP from the conserved region of the human papillomavirus L1 capsid protein.
Introduction
Cell-permeable peptides (CPPs) are widely used to mediate the delivery of macromolecules into cells. CPPs generally contain several basic amino acids, and this characteristic is considered to aid in the penetration of the lipid bilayer of cells (van den Berg & Dowdy 2011) . The protein transduction domain (PTD) is the first reported CPP, which is a short peptide derived from the TAT protein of the human immunodeficiency virus (HIV). PTD-tagged fusion proteins readily enter cells in vitro and in vivo (Schwarze et al. 1999) . The entry of CPPs into cells depends on various endocytic pathways (Fittipaldi et al. 2003 , Nakase et al. 2004 , Wadia et al. 2004 , Kwon et al. 2009 ). Endocytosis inhibitors, such as amiloride, methyl-b-cyclodextrin (MbCD), cytochalasin D, and mutant forms of the key molecules of endocytic pathways, are generally used to delineate which endocytic pathway is used by a specific CPP (Kwon et al. 2009 ).
CPP-mediated protein delivery has been applied to various cell systems including embryonic stem cells and induced pluripotent stem cells (Peitz et al. 2007 , Tang et al. 2011 , Jo et al. 2012 , Zhang et al. 2012 . The key advantage of modulating protein expression using CPPs is that the genetic profiles of the target cells are not altered. This is crucial especially for germ cells or embryos, because the altered genetic makeup caused by viral vectors may cause unintended developmental defects. The above-mentioned PTD system has been successfully used in one-cell-or two-cell-stage preimplantation mouse embryos, in which the PTD-CRE recombinant protein enters blastomeres and results in CRE-mediated excision (Kim et al. 2009 ). Regarding mammalian oocytes, the usage of CPPs has not been investigated much. We previously reported that MPG, a designed CPP (Morris et al. 1997) , enters mouse oocytes and stays in the periphery when used as an N-terminal tag of EGFP (Kwon et al. 2009 ). However, the efficiency of CPP-mediated delivery in oocytes seems to be limited, and this may be partly due to the presence of numerous cortical granules at the periphery of oocytes. These granules are densely localized at the periphery of oocytes and are known to exocytose at the time of fertilization (Ducibella 1996) . Thus, the presence of these granules may be associated with the limited transduction efficiency of CPP-mediated cargo delivery in oocytes.
Human papillomaviruses (HPVs) are non-enveloped DNA viruses that target stratified epithelial tissues in skin and the female reproductive tract (Sasagawa et al. 1995) . L1 protein is the major capsid protein (Joyce et al. 1999) . We have recently reported a novel CPP designed from the conserved carboxy-terminal region of the HPV type 11 L1 protein (Lee & Lim 2012) . This 12-mer peptide, LDP12, itself possesses the ability to enter various cells within several minutes in vitro (Lee & Lim 2012) . Intraluminal delivery of a FITC-conjugated LDP12 peptide into mouse uterus also leads to uptake by uterine cells (Lee & Lim 2012) . In the present study, we sought to investigate whether LDP12 can be used as a delivery tag for protein cargo and whether this system is applicable to preimplantation mouse embryos and oocytes. We also performed a functional application test using LDP12-EGFP-LC3, a widely used marker of autophagic activation (Kabeya et al. 2000) . Herein, we report that the LDP12-tagged fusion protein is an effective and easy option for the delivery of proteins into reproductive cancer cells and mouse blastocysts.
Materials and methods

Cell culture
HeLa human cervical cancer cells were purchased from the American Type Culture Collection (Rockville, MD, USA) and were cultured in DMEM or RPMI supplemented with 10% FBS (Invitrogen).
Materials
Cytochalasin D, amiloride, and MbCD were purchased from Sigma-Aldrich and were used at the indicated concentrations. FM4-64, a live dye for endosomes, was purchased from Invitrogen.
Mouse and oocyte/embryo handling
Mice were maintained in accordance with the policies of the Konkuk University Institutional Animal Care and Use Committee. The mice were housed in a controlled barrier facility in Konkuk University. Cumulus-oocyte complexes (COCs) were isolated from 4-week-old ICR mice (Orient-Bio, Kyunggi-do, Korea). Cumulus cells were removed by gentle pipetting, and zona pellucidae were digested with acidic Tyrode solution (Kwon et al. 2009 ). Metaphase I-or metaphase II-stage oocytes were used in the experiments. Two-cell-stage embryos were obtained by oviduct flushing on day 2 of pregnancy (vaginal plug, day 1 of pregnancy) and were cultured in KSOM-AA media (Millipore, Billerica, MA, USA).
Expression and purification of LDP12 fusion proteins
The nucleotide sequence of LDP12 (TAPKRKRTKTKK, derived from the carboxy terminus of the HPV type 11 L1) (Lee & Lim 2012) was included in the 5 0 primer and was used to directly amplify the EGFP coding sequence using pET15b-EGFP (Novagen, Madison, WI, USA) as a template. The PCR product was cloned into the NdeI and BamHI sites of the pET15b vector. Primers used were C AGC CAT ATG ACT GCC CCT AAA CGT AAG CGC ACC AAA ACT AAA AAG GTG AGC AAG GGC GAG GAG CTG TTC ACC GGG GTG GTG CCC (up, LDP12 sequence is underlined) and AGCC GG ATC C TTA CTT GTA CAG CTC GTC CAT (down). The LDP12-EGFP-LC3 construct was cloned into the pProEx/HTa vector (Invitrogen), and the mRFP-EGFP-LC3 plasmid (Kimura et al. 2007 ) was used as a template for PCR. Purification of CPP-fused recombinant proteins was performed as described previously (Kwon et al. 2009 ). Ni-NTA agarose resin (1 ml, 50% w/v slurry, Qiagen) was used to purify proteins from the lysate following the manufacturer's protocol.
Flow cytometric analysis
HeLa cells treated with proteins were washed with PBS (Invitrogen) and the acid wash buffer (0.2 M glycine and 0.15 M NaCl, pH 3.0) for 30 s. The acid wash eliminates nonspecific binding to the cell surface (Kameyama et al. 2007) . The cells were then trypsinized with a 0.25% trypsin-EDTA solution for 10 min. The cells were resuspended in DMEM supplemented with 10% FBS and were washed with PBS containing 3% FBS. After washing, the cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) equipped with the Cell Quest Pro software (BD Biosciences).
Confocal microscopy
The cells were seeded into a glass-bottomed confocal dish (SPL Lifesciences, Pocheon, Korea) at a density of 1!10 5 one day before the experiments. Protein-treated cells were washed with HBSS, acid wash buffer, and then again with HBSS. The cellular uptake of the EGFP fusion proteins was visualized in HBSS using an Olympus FV1000 spectral confocal microscope (Olympus, Tokyo, Japan) equipped with a warm plate. In some experiments, the cells were stained with 5 mg/ml FM4-64 (Invitrogen) for 1 min. Live images were captured by confocal microscopy.
Inhibition of endocytosis
Cytochalasin D, amiloride, or MbCD was used at the indicated concentrations to block a specific endocytic pathway (Kwon et al. 2009 ). The cells were treated with each inhibitor 30 min prior to the addition of the LDP12-EGFP fusion protein. After 1 h, the cells were acid washed and subjected to flow cytometric analyses.
Protein preparation and western blotting
HeLa cells (2!10 5 ) were plated onto a six-well plate and were treated with the LDP12-EGFP-LC3 protein at 100 mg/ml.
After acid washing, the cells were directly lysed in SDS sample buffer (150 ml). The lysates were then centrifuged at 12 600 g for 3 min. After boiling, the supernatant (30 ml) was loaded onto a 12% SDS-polyacrylamide gel and blotted onto PVDF membranes (Millipore). The membranes were blocked with 5% skim milk in TBS for 1 h and incubated with anti-GFP (1:2000, Abfrontier, Seoul, Korea) or anti-LC3 (1:2000, Abcam, Cambridge, UK) antibody overnight at 4 8C. HRP-conjugated goat anti-rabbit antibody (GeneDEPOT, Barker, TX, USA) was used at a 1:10 000 dilution. Super Signal West Femto ECL reagent (Thermo Scientific, Wilmington, DE, USA) was used. The chemiluminescence signal was detected using a LAS3000 system (FUJIFILM, Tokyo, Japan).
Results
Efficient transduction of the LDP12-EGFP fusion protein into HeLa cells
We prepared a fusion protein construct as shown in Fig. 1A . The LDP12 sequence was cloned in frame at the N-terminus of the EGFP coding sequence. MPG is a designed CPP (Morris et al. 1997) , and MPG-EGFP is a cell-permeable fusion protein with proven efficiency (Kwon et al. 2009 ). We used MPG-EGFP fusion protein as a positive control in some experiments. EGFP without a CPP tag was used as a negative control. HeLa cells were treated with purified proteins for 1 h Overlapping signals generated yellow fluorescence. FM4-64 was used at 5 mg/ml for 3 min. Photomicrographs were taken at 60! magnification and were zoomed in 2!. (D) Time-dependent increases of the cellular uptake rate of LDP12-EGFP. EGFP (100 mg/ml), MPG-EGFP (40 mg/ml), or LDP12-EGFP (100 mg/ml) was added to HeLa cells, and the rate of cellular uptake was assessed by flow cytometric analyses at 1, 2, or 4 h. The cells were acid washed and trypsinized for FACS analysis. At 2-h incubation, 45.5% of the cells were LDP12-EGFP positive (data not shown). These experiments were repeated at least three times with similar results.
LDP12-mediated protein transduction in blastocysts
and were washed with the acid buffer to remove molecules attached by non-specific cell surface binding (Kameyama et al. 2007) . By confocal live imaging, both LDP12-EGFP and MPG-EGFP were shown to be internalized within 1 h and to exhibit small dot patterns in the cytoplasm (Fig. 1B) . FM4-64 is a live cell dye that stains endosomal vesicles in red (Kwon et al. 2009 ). When LDP12-EGFP (green) and FM4-64 (red) were added together to HeLa cells, a subset of vesicles exhibited an overlapping signal (yellow). Thus, the internalized LDP12-EGFP fusion proteins seem to be partly located in the FM4-64-positive endosomal vesicular structures. Signals of some vesicles did not overlap, suggesting that the LDP12-EGFP proteins were also present in the non-endosomal vesicular structures. We quantified the cellular uptake rate of LDP12-EGFP by flow cytometry. Within 1 h of treatment, about 25% of the HeLa cells were determined to be EGFP positive. This rate increased up to 53% by 4 h, suggesting a gradual increase in the cellular uptake of LDP12-EGFP.
This was in contrast to MPG-EGFP, which exhibited 97% cellular uptake by 1 h (Fig. 1D) . Distinct temporal kinetics of transduction suggests a different mechanism of entry used by these CPP-tagged proteins.
Effects of endocytosis inhibitors on the transduction of LDP12-EGFP
Multiple mechanisms are used during endocytosis, such as clathrin-mediated, caveolae-mediated, and lipid raftmediated endocytosis and macropinocytosis (Conner & Schmid 2003) . Lipid raft-mediated macropinocytosis, the cell-drinking process, is used by several known CPPs, such as HIV PTD and polyarginine (Fittipaldi et al. 2003 , Nakase et al. 2004 , Wadia et al. 2004 . Arrays of inhibitors can be used to delineate which pathway is operative during cellular uptake by a CPP (Kwon et al. 2009 ). Amiloride, a sodium channel blocker, inhibits macropinocytosis. MbCD depletes cholesterol from the plasma membrane and is used as an inhibitor of caveolae-mediated endocytosis (Hao et al. 2004) . Cytochalasin D, an actin-depolymerizing drug, inhibits actin-mediated macropinocytosis (West et al. 1989) . Flow cytometric analyses showed that amiloride partially inhibited LDP12-EGFP uptake, while both cytochalasin D and MbCD increased the transduction rate ( Fig. 2A) . The amiloride-sensitive nature of LDP12-EGFP is similar to that of MPG-EGFP, which exhibited partial amiloride sensitivity (Kwon et al. 2009 ). Our finding that cytochalasin D or MbCD treatment significantly increases the transduction of LDP12-EGFP suggests that the blockage of certain endocytic pathways somehow increases the endocytic rate of LDP12-EGFP. HeLa cells treated with each inhibitor are shown in Fig. 2B . Our results suggest that the internalization of LDP12-EGFP may have occurred through more than one endocytic pathway.
Efficient entry of LDP12-EGFP into mouse blastocysts
We tested whether the LDP12-driven protein delivery system is applicable to preimplantation mouse embryos. Day 4 blastocysts have two different cell types: the inner cell mass contributing mostly to the embryo proper and the trophectoderm contributing to the extraembryonic cell lineages (Wang & Dey 2006) . Blastocysts were obtained from day 4 pregnant mice and were cultured for 1 h in KSOM-AA media with 100 mg/ml LDP12-EGFP. As shown in Fig. 3A , live imaging of GFP signal showed that LDP12-EGFP was internalized in both the inner cell mass and trophectodermal cells. This is clearly visible in Fig. 3B with Z series sectional images. Amiloride treatment for 30 min affected embryonic morphology and also hindered LDP12-EGFP uptake (Fig. 3A) . Blastocysts treated with cytochalasin D exhibited blastocoel shrinkage, but LDP12-EGFP uptake seemed to be unaffected. MbCD treatment resulted in detrimental effects on blastocysts as reported previously (Comiskey & Warner 2007) ; thus, its effect on LDP12-EGFP uptake could not be assessed (data not shown). We also tested whether LDP12-EGFP was internalized in mouse oocytes or earlier-stage embryos. Regardless of the presence of zona pellucida, this protein was not found to be internalized in oocytes or two-cell-stage embryos (Fig. 4) .
Functional application of the LDP12 system: LDP12-EGFP-LC3 as a tool to monitor autophagy
The LDP12 fusion protein works well in mouse blastocysts, and we further examined the application of the LDP12 system with a functionally testable protein cargo. LC3 (Atg8) is an ubiquitin-like autophagy protein widely used as a monitoring marker of autophagic flux (Kabeya et al. 2000) . LC3 is extensively used in a GFP-LC3 fusion protein form (Mizushima et al. 2004 (Mizushima et al. , 2010 . The LC3-I form is modified into a phosphatidylethanolamine (PE)-conjugated form, LC3-II, in cells. The LC3-II form is known to surround the growing autophagosomes within cells, and increased LC3-II levels represent autophagic activation (Klionsky et al. 2007 , Yang & Klionsky 2010 ). On the SDS-PAGE gel, the LC3-II form migrates slightly faster than the LC3-I form. Generally in a cell culture system, a plasmid harboring the fusion gene of GFP-LC3 is transfected to monitor To confirm that LDP12-EGFP uptake can be observed in both the inner cell mass and trophectodermal cells, Z series images of 3 mm step size (channel 1, GFP; channel 2, Cy5.5) were obtained from a single blastocyst. Zona-encased blastocysts were treated with 100 mg/ml EGFP or LDP12-EGFP for 1 h. Embryos were also counter-stained with FM4-64 for 3 min. This experiment was performed using four different blastocysts, and one representative set of images is shown. autophagic activation and flux (Kimura et al. 2007 ), but the conventional transfection method does not work well in preimplantation embryos. Thus, we designed a LDP12-EGFP-LC3 fusion protein and tested its efficacy in HeLa cells and mouse blastocysts. The fusion protein entered both HeLa cells and blastocysts within 1 h of incubation and exhibited a signature punctate pattern, as shown in Fig. 5A . This pattern is similar to the punctate pattern exhibited in blastocysts obtained from GFP-LC3 transgenic mice (Lee et al. 2011) . We also confirmed by western blotting that the internalized LDP12-EGFP-LC3 fusion proteins undergo PE conjugation and produce LC3-II forms. Thus, two sets of doublets are shown on western blots (Fig. 5B , right panel, two brackets). The higher set is positive for both anti-GFP and anti-LC3 antibodies.
The lower set is the endogenous LC3-I (upper band) and LC3-II (lower band) in the HeLa cells. This experiment shows that not only is LDP12-EGFP-LC3 internalized, but that it is also normally processed for PE conjugation. In twocell-or morula-stage embryos, LDP12-EGFP-LC3 was not found to be internalized (Fig. 6 ).
Discussion
In this study, we showed that LDP12 is an efficient CPP functionally applicable to mouse blastocysts. Considering that the conventional transfection method is not efficient in blastocysts, LDP12-driven protein delivery offers a new system to manipulate protein expression in them. The internalization of LDP12-EGFP was observed Oocytes or embryos were treated with 100 mg/ml EGFP or LDP12-EGFP for 1 h. Zona pellucidae were removed using the acid Tyrode solution. Note the endosomal staining by FM4-64 (red), but no green signal can be seen in the oocytes or two-cell embryos.
LDP12-EGFP-LC3
LDP12 ) were treated with 100 mg/ml LDP12-EGFP-LC3 for 1 h and were subjected to SDS-PAGE. The cells were directly lysed in SDS sample buffer (150 ml) and 30 ml were loaded into each lane. Anti-GFP and anti-LC3 antibodies were used at 1:2000. None, no treatment. Upper bracket: EGFP-LC3-I and EGFP-LC3-II forms; lower bracket: endogenous LC3-I and LC3-II forms. in both the inner cell mass and trophectoderm of mouse blastocysts (Fig. 3B ), indicating that this system is also applicable to protein therapeutics in blastocystderived stem cells such as embryonic stem cells and trophoblast stem cells. However, the efficiency of LDP12-mediated delivery in oocytes and earlier-stage embryos seems to be limited (Fig. 4) . The LDP-tagged fusion proteins that we used in this study were up to 50 kDa in size. Whether there would be a size limitation for a protein cargo requires further investigation. It is of note that, a PTD-tagged protein cargo of about 120 kDa has been successfully used in vivo (Schwarze et al. 1999) . The use of CPPs has not been investigated much in mouse oocytes and embryos. Considering that the manipulation of gene expression in these cells mostly involves invasive or low-efficiency techniques, such as microinjection, electroporation, and viral vector delivery, the application of CPPs will open up new ways to manipulate gene/protein expression. Only a couple of reports are available with regard to the application of CPPs in oocytes and preimplantation embryos. HIV TAT protein-derived PTD has been shown to be effective in two-cell-stage mouse embryos (Kim et al. 2009) , and MPG-EGFP protein has exhibited limited distribution in mouse oocytes (Kwon et al. 2009 ). We repeatedly observed that LDP12-EGFP-LC3 exhibited strong surface binding on morulae, but not on the two-cell embryos (Fig. 6 ) or on oocytes (data not shown). This observation suggests that the changing biochemical nature of plasma membranes in early preimplantation embryos (Ferreira et al. 2012) influences the initial interaction with the LDP12 fusion protein. Presently, it is not clear what distinguishes blastocysts from earlier-stage embryos with regard to the transduction of LDP12-driven protein cargo. Further investigation of the differential preferences of preimplantation embryos for various CPPs will be useful to target embryos with selective CPPs.
The biochemical characteristics of the LDP12-EGFP-LC3 protein are maintained after transduction, as its PE conjugation normally occurs after cellular entry (Fig. 5B) . The presence of LDP12 tag at the N-terminus did not seem to affect the biochemical properties of the LC3 protein. Thus, LDP12-mediated delivery of the LC3 protein is an option for monitoring autophagic activation in reproductive cancer cells and blastocysts. We have previously shown that high levels of endocannabinoids increase autophagy in mouse blastocysts (Oh et al. 2013) , and immunofluorescence staining on fixed embryos has been mainly used to visualize the autophagic response. As the internalization of LDP12-EGFP-LC3 is highly successful with no lethal effects on blastocysts, it now offers a new way to visualize autophagic response without fixation. Thus, autophagy monitoring by the use of such a transient system may be useful in addressing certain stress conditions in embryos in culture, such as oxidative stress, starvation, and deprivation of specific factors and 
Figure 6 LDP12-EGFP-LC3 is not internalized in the earlier-stage preimplantation embryos. Embryos were treated with 100 mg/ml EGFP or LDP12-EGFP-LC3 for 1 h. Zona pellucidae were removed using acidic Tyrode solution. Note the distinct endosomal structures in embryos stained by FM4-64 (red). While some green signal can be seen at the periphery of morula treated with LDP12-EGFP-LC3, it does not seem to be internalized. Scale bars, 20 mm.
hormones. Whether this system would be applicable to other primary cells with low transfection efficiency warrants further investigation.
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